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S u m m a r y :  T h e  e f f e c t  o f  o l i v e  o i l  m i l l  w a s t e  w a t e r  ( O O W )  a m e n d m e n t  o n  l e a c h i n g  o f  t h e  
h e r b i c i d e  c 1 0 p y r a l i d  ( 3 , 6 - d i c h l o r o p i c o l i n i c  a c i d )  i n  s o i l  c o l u m n s  h a s  b e e n  i n v e s t i g a t e d .  O O W  
a m e n d m e n t  i n c r e a s e d  o r g a n i c  c a r b o n  c o n t e n t  o f  a  s o i l .  a n d  a f f e c t e d  i t s  p o r o s i t y  b y  r e d u c i n g  l a r g e  
p o r e s  ( r  >  1 0  p . m )  a n d i n c r e a s i n g  s m a l l  p o r e s  ( r  <  0 . 1  p . m ) .  T h i s  i n c r e a s e  o f  n o n : - c o n d u c t i n g  
p o r e s  b y  O O W  a m e n d m e n t  r e s u l t e d .  i l l  a  r e d u c t i o n  o f  h e r b i c i d e  l e a c h i n g  d u e  t o  a n  i n c r e a s e  o f  .  
h e r b i c i d e  i n t e r a c t i o n  w i t h .  s o i l  m a t r i x  e n h a n c i n g  t h e  a d s o r p t i o n  a n d  d e g r a d a t i o n ·  p r o c e s s e s .  
.  .  
K e y  w o r d s :  .  C l o p y r a l i d , h e r b i c i d e  l e a c h i n g ,  o l i v e  o i l  m i l l  w a s t e w a t e r ,  s o i l  a m e n d m e n t ,  w a s t e ­
r e s i d u e ,  s o i l  p o r o s i t y ,  
I N T R O D U C T I O N  
S o r p t i o n  c a p a c i t y  o f  l o w  o r g a n i c  c a r b o n  c o n t e n t  s o i l s  h a s  b e e n  s h o w n  t o  b e  i n c r e a s e d  b y  a d d i n g  




•  T h i s  i n c r e a s e  i n  s o r p t i o n  
c a p a c i t y  g i v e s  r i s e  t o  a  r e d u c t i o n  o f  v e r t i c a l  m o v e m e n t  b u t  i t  a l s o  h a s  b e e n  r e p o r t e d  t o  r e t a r d  
h e r b i c i d a l  a c t i v i t y 3 .  
O l i v e  o i l  m i l l  w a s t e w a t e r  ( O O W )  i s  a  b y - p r o d u c t  o f  t h e  o l i v e  p r o c e s s i n g  i n d u s t r i e s  w h i c h  i s  
g e n e r a t e d  i n  A n d a l u s i a  ( S o u t h e r n  S p a i n )  a n d  o t h e r  M e d i t e r r a n e a n  c o u n t r i e s  i n  g r e a t  a m o u n t s .  
D u e  t o  t h e  o r g a n i c  n a t u r e  o f  t h i s  p r o d u c t ,  O O W  i s  o f t e n  u s e d  a s  s o i l  a m e n d m e n t ,  i n  o r d e r  t o  
e n r i c h  s o i l s  o f  l o w  o r g a n i c  m a t t e r  c o n t e n t ,  t y p i c a l  i n t h e  M e d i t e r r a n e a n  r e g i o n .  S i n c e  o r g a n i c  
m a t t e r  i s  t h e  p r i m a r y  a d s o r b e n t  f o r  p e s t i c i d e s
4
,  O O W  c a n  b e  a l s o  u s e d  t o  m o d i f y  s u r f a c e s  o f  s o i l s  




h a v e  r e p o r t e d  t h e  
s o i l  r e m o v a l  e f f i c i e n c y  a n d  t h e  e v o l u t i o n  o f  t h e  a g r o n o m i c  s o i l  p r o p e r t i e s  b y  t h e  a m e n d i n g  w i t h  
" , ' - .  
O O W .  T h u s ,  t h e  a i m  o f  t h i s  s t u d y  w a s  t o  . a s s e s s  t h e  i n f l u e n c e  o f  O O W  a m e n d m e n t  o n  l e a c h i n g  
o f  t h e  h i g h l y  m o b i l e  h e r b i c i d e  c l o p y r a l i d ,  w h i c h  r e t e n t i o n  i n  s o i l s  h a s  b e e n  r e p o r t e d  t o  b e  
8
i n f l u e n c e d  b y  s o i l  o r g a n i c  m a t t e r
7
• •  S p e c i a l  a t t e n t i o n  i s  p a y e d  t o  t h e  e f f e c t  o f  t h i s  a m e n d m e n t  
o n  s o i l  p o r o s i t y )  w h i c h  i s  O n e  o f  t h e  m o s t  i m p o r t a n t  f a c t o r s  c o n t r o l l i n g  t h e  m o b i l i t y  o f  h e r b i c i d e s  
t h r o u g h o u t  t h e  s o i l  p r o f i l e 9 .  
L .  C o x  e t  a l .  
.  1 6 8  
M A T E R I A L S  A N D  M E T H O D S  
C l o p y r a l i d  i s  a  h e r b i c i d e  o f  s e l e c t i v e  u s e  i n c e r e a l  c r o p s ,  r a n g e l a n d ,  g r a s s  p a s t u r e s  a n d  t u r f l O .  
T h e  h e r b i c i d e  w a s  s e l e c t e d  b e c a u s e  c e r e a l s  a r e  o n e  o f  t h e  a n n u a l  c r o p s  c u l t i v a t e d  i n  s o i l s  o f  J a e n  
.  .  
p r o v i n c e  ( A n d a l u s i a )  w h e f : e t h e  a p p l i c a t i o n  o f O O W  i s  m o r e  c o m m o n .  T h e  h e r b i c i d e  u s e d  w a s  
t h e  h i g h  p u r i t Y  c o m p o u n d  s u p p l i e d  b y  D O W  C h e m i c a l S .  T h e  p u r e  c o m p o u n d  w a s  u s e d  i n s t e a d  




m . O H  
M . W . :  1 9 2  g l m o l  
m . p . :  1 5 1  Q C  
v ; p . :  1 . 6  m P a  a t  2 5  Q C  
a  W . S . :  I g / k g  a t  2 0 ° C .  
T w o  s o i l  s a m p l e s  w e r e  s e l e c t e d  f r o m  a n  e x p e r i m e n t a l  p l o t  l o c a t e d  i n  B a e z a  ( S o u t h e r n  S p a i n ) :  
A o =  o r i g i n a l  s o i l  ( u n a m e n d e d )  a n d  A 2 =  S o i l  a f t e r  t h r e e  y e a r s  o f  h i g h  d o s e  O O W  t r e a t m e n t  
( 5 0 0  L  m , 2  p e r  y e a r ) .  A c c o r d i n g  t o  L 6 p e z  e t  a 1 .  ( 1 9 9 2 ) 6 ,  t h e  a v e r a g e  c o m p o s i t i o n  o f  O O W  
a p p l i e d  t o  t h i s  s o i l  i s :  p H  4 - 5 ,  E.C.7~11 d S  m ' l ,  C O D  6 1 - 8 4  g  L ' I ,  B O D  2 4 - 4 0  L ' I ,  K j e l d a h l - N  
1 6 6 - 2 7 5  m g  L ' I ,  P 1 5 0 - 1 8 0  m g  L~I, K  4 . 0 - 4 . 6  g  L ·  
t  
a n d  N a  6 0 0 - 8 0 0  m g  L ' I .  
T h e  f i r s t  5 0  c m  o f  e a c h  s o i l  p r o f i l e  w e r e  s a m p l e d ,  a i r  d r i e d  a n d  s i e v e d  t o  p a s s  a  2  m m  m e s h .  
P h y s i c o c h e m i c a l  p r o p e r t i e s  o f  t h e  o r i g i n a l  ( u n a m e n d e d )  s o i l  a r e  g i v e n  i n  T a b l e  1 .  T h e  o r g a n i c  
7
c a r b o n  ( O . C . )  c o n t e n t  o f  t h e  a m e n d e d  s o i l  w a s  3 . 6  %  d u e  t o  t h e  a m e n d i n g  e f f e c t  o f  O O W
6
.  •  
T a b l e  1 .  P h y s i c o c h e m i c a l  p r o p e r t i e s  o f  t h e  o r i g i n a l  s o i l  A D .  
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1 6 9  
C o x  e t  a l .  .  
T h e  s o i l  p o r e  v o l u m e  a n d  p o r e  s i z e  d i s t r i b u t i o n  o f  t h e  t w o  s o i l  s a m p l e s  f r o m  4 0  t o  0 . 0 0 4  J - L m  w a s  
.  .  .  .  
d e t e r m i n e d  u s i n g  a  C a r l o  E r b a  2 0 0 0  m e r c u r y  d e p r e s s i o n  a n d  i n t r u s  i o n  p o r o s i m e t e f . '  S m a l l  p i e c e s  
o f  u n d i s t u r b e d  s o i l s  ( a p p r o x i m a t e l y  1  g ) '  w e r e  h e a t e d  a t  9 0 ° C  d u r i n g  2 4  h  a n d  t h e n  o u t g a s s e d  
a t  r o o m  t e m p e r a t u r e  f o r  3 0  m i n .  A  v a l u e  f o r  t h e  s u r f a c e  t e n s i o n  o f  m e r c u r y  o f  0 . 4 8  N m ' !  a n d  
.  .  .  
a  c o n t a c t  a n g l e  o n  s o i l s  o f 1 4 1 . 3 °  w a s  u s e d  w i t h  t h e  L a p l a c e  e q u a t i o n  a s s u m i n g  c y l i n d r i c a l  p o r e s  
.  .  - .  .  
i n  t h e  c a l c u l a t i o n s .  
L e a c h i n g  h a s  b e e n  s t u d i e d  i n  h a n d p a c k e d  3 0  c m  l o n g  x  5  C m  i . d .  m e t a c r y l a t e  c o l u m n s  a f t e r  
c o n d i t i o n i n g  o f  t h e  s o i l  c o l u m n  w i t h 2 5 0 m L  o f  0 . 0 1  M  C a C h .  T r i p l i c a t e s  a n d  a  b l a n k  c o l u m n  
( w i t h o u t  h e r b i c i d e )  w e r e  u s e d .  T h e  a m o u n t  o f  c l o p y r a l i d  c o r r e s p o n d i n g  t o  t h e  m a x i m u m  
a p p l i c a t i o n  r a t e  i n  s o i l s  ( l O O  g  h a , l ) w a s a p p l i e d  t o  t h e  t o p  o f  t h e  c o l u m n s .  2 5  m L  o f  0 . 0 1  M  
C a C l
2  
w e r e  a p p l i e d  d a i l y  \ 0  t h e  t o p  o f  t h e :  c o l u m n  u n t i l  t h e  e n d  o f  t h e  e x p e r i m e n t .  T h e  t o t a l  
a m o u n t  a p p l i e d  w a s  7 5 0  I I l L .  L e a c h a t e s w e r e  c o l l e c t e d  d a i l y ,  f i l t e r e d  a n d  a n a l y z e d  b y  H P L C  
u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  N o v a - P a c k  ( C 1 8 )  c o l u m n  o f  1 5 0  m m  l e n g t h  x  3 . 9  m m  L d . ;  9 1 . 5  
%  w a t e r ,  5  %  a c e t o n i t r i l e  a n d  3 . 5 %  a c e t i c  a c i d  e l u e n t  s y s t e m ;  1  m L  m i n ' !  f l o w  a n d  D V  
d e t e c t i o n  a t  2 8 0  n m .  
R E S U L T S  A N D  D I S C U S S I O N  
T h e  c u m u l a t i v e  ( s o l i d  l i n e )  a n d  d i f f e r e n t i a l  ( b a r  d i a g r a m s )  m e r c u r y  p o r e  v o l u m e  f o r  t h e  t w o  s o i l  
s a m p l e s  ( A o  a n d  A 2 )  a s  a  f u n c t i o n  o f  c a l c u l a t e d  p o r e  r a d i u s  a r e  s h o w n  i n  F i g u r e  1 .  T h e  t o t a l  
p o r e  v o l u m e  ( s o l i d  l i n e s  i n  F i g u r e  1 )  i s  r e d u c e d  f r o m  1 9 0  m m
3  
g ' l  o f  t h e  u n t r e a t e d  s o i l  ( A o )  t o  
1 1 0  m m
3  
g - !  i n  t h e  O O W - t : I : e a t e d  s o i l  ( A 2 ) .  T h e  b a r  d i a g r a m s  o f  F i g u r e  1  s h o w  t h e ' d i s t r i b u t i o n  
o f  t h e  p o r e  v o l u m e  v e r s u s  p o r e  r a d i u s , '  i n d i c a t i n g  t h a t  t h e  d e c r e a s e  i n  p o r e  v o l u m e  p r o d u c e d  b y  
O O W  a m e n d m e n t  i s  d u e  t o  a  l a r g e  r e d u c t i o n  o f  l a r g e  p o r e s ( r >  1 0  J - L m )  a n d  t o  a n  i n c r e a s e  i n  
s m a l l  p o r e s  ( n e a r  0 . 1  J - L m  a n d  s m a l l e r ) .  
C l o p y r a l i d  b r e a k t h r o u g h  c u r v e s  ( B T C s )  i n  t h e  s o i l s  s t u d i e d  a r e  s h o w n  i n  F i g u r e  2  a n d  r e c o v e r y  
p e r c e n t a g e s  i n  T a b l e  2 .  B T C s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t ,  s h o w i n g  t h e  a m e n d e d  s o i l  A 2  l o w e r  
p e a k  s o l u t i o n  c o n c e n t r a t i o n s  a n d  l o w e r  r e c o v e r y  p e r c e n t a g e s  t h a n  t h e  o r i g i n a l  s o i l  A o .  L o w  p e a k  
s o l u t i o n  c o n c e n t r a t i o n  a n d  b r o a d e n i n g  o f B T C s  h a v e  b e e n  a t t r i b u t e d  t o  s o l u t e  a d s o r p t i o n l l ,  w h i c h  
a r e  m o r e .  i m p o r t a n t  i n  t h e ·  a m e n d e d  s o i l s  d u e  t o  t h e  h i g h e r  O .  C .  c o n t e n t ,  s i n c e  i t  h a s  b e e n  
a
r e p o r t e d  t h a t  o r g a n i c  m a t t e r  i s  t h e  m o s t  i m p o r t a n t  s o i l  p r o p e r t y  a f f e c t i n g  c l o p y r a l i d  a d s o r p t i o n
7  
•  .  
T h e  e f f e c t  o f  O O W  o n  s o i l  p o r o s i t y  w o u l d  c o n t r i b u t e  t o  t h i s  r e s u l t s .  T a b l e  2  d a t a  s h o w  a l s o  t h a t  
170 L. Cox et aL 
OWW-amendmentreducesgreatly the downward movement of clopyraJid in soil A2 as compared 
.­
with soil Ao. Due to the reduction oflar,ge conducting pores; a greater amount of water and 
solutes would diffuse through the soil matrix (non-conducting pores) in the amended soil than 
. '. 
those in the unamended soil. This would give rise to slower leaching!! of clopyraJid since the 
greater contactofthe herbicide with soil surfaces l2 , contributing to adsorption processes. The low 
recovery percentages in the leachates of the amended soil may be also due to degradation 
processes, which are more important- ill high O.C. soils l3 and are also affected by the reduction 
of soil porosity, due to the. longer permanence of the herbicide in the soil column; 
200 40 200 40 
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Figure 1. Differential and cumulative mercury pore volume for the two soil samples (Aa 
and A2) as a function ofcalculated pore radius. 
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Figure,2. Clopyralid BTC curves. 
171 1. Cox et al. 
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•Table2. Percentages of clopyraJid recovered in leachates 
.  	 . 
SOIL Recovery % . 
. Ao 101.3 
A2 26.5 
CONCLUSIONS 
· OOW amendment modifies .soil porosity reducing the total volume of pores by diminishing the 
. . 	 . . 
volume of large size pores and increasing the volume of small size pores. This reduction of soil 
porosity decreases leaching of c10pyralid in OOW-amenqed soil. The retention of c10pyralid in 
· the smallest non-conductingsoiJ pores, developed by OOW amendment, may cause an adsorption 
· 	 " . " . " . 
enhancement, due to the higher organic carbon content of the amended soil and degradation is 
also promoted. 
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